Abstract Magnetic resonance imaging (MRI) methods safely provide in vivo indicators of cerebral macrostructure, microstructure, and activation that can be examined in relation to substance use disorder (SUD) risks and effects. This article will provide an overview of MRI approaches, including volumetric measures, diffusion tensor imaging, and functional MRI, that have been applied to studies of adolescent neuromaturation in relationship to risk phenotypes and adolescent SUD. To illustrate these applications, examples of research findings will be presented. MRI indicators have demonstrated that neurobiological maturation continues throughout adolescence. MRI research has suggested that variations in neurobiological maturation may contribute to SUD risk, and that substance use adversely influences adolescent brain development. Directly measured neurobiological variables may be viable preventive intervention targets and outcome indicators. Further research is needed to provide definitive findings on neurodevelopmental immaturity as an SUD risk and to determine the directions such observations suggest for advancing prevention science.
Introduction
Neuroimaging methods provide direct measurement and visualization of brain structures and functions. To the extent to that risk characteristics have a neurodevelopmental basis, indices generated by neuroimaging methods may inform substance use disorder (SUD) prevention science. The measurement of neuroimaging endophenotypes may provide causal links from environmental and genetic influences to SUD, revealing opportunities for disrupting the progression to SUD. Neuroimaging indicators may demonstrate neurobiological effects of preventive interventions. The quantification of SUD effects on adolescent neurobiological outcomes would provide cautionary information applicable to preventive interventions. Further advances will be needed, however, for the potential of neuroimaging methods for SUD prevention science to be realized.
This article provides a brief introduction to magnetic resonance imaging (MRI) techniques and applications, including those for measuring cerebral macrostructure (cerebral volumes), white matter microstructure, and cerebral activation. For each method, examples of neuroimaging findings related to adolescent brain development, risk for SUD, and correlates of adolescent SUD are presented. Other imaging methods (e.g., Positron Emission Tomography, Single Photon Emission Computed Tomography) are not reviewed here, due to their being more hazardous than MRI and therefore of more limited use in research with children and adolescents. The review concludes with a discussion of limitations of existing research, gaps in the knowledge base, and recommendations for future research.
Magnetic Resonance Imaging
MRI techniques can be broadly categorized in structural and functional methods. Structural approaches examine cerebral macrostructure, including regionally segmented volumes, and microstructure, particularly white matter organization. Functional MRI (fMRI) examines brain activity, typically during tasks intended to elicit specific mental functions. Structural and functional approaches may be combined in connectivity studies that integrate microstructural (i.e., white matter tracts) and functional (i.e., resting patterns of temporally correlated gray matter activation) characteristics to identify neural systems (Teipel et al. 2010) .
MRI uses the nuclear magnetic resonance properties of hydrogen atoms in biological tissues to construct images. MRI images are created by using a strong magnet to align hydrogen atoms in the direction of the magnetic field. Next, a radio frequency pulse that is specific to hydrogen atoms is applied. The resulting variations in the electromagnetic field result in absorbed and released energy. The signal produced by this released energy may be measured and located over time, and images may be thereby constructed. MRI has very good contrast (i.e., intensity variations) in soft tissue, which makes it especially useful in brain imaging.
Adolescent Brain Development and Psychological Regulation
Prefrontal cortex (PFC), limbic regions, white matter, and related circuits undergo active development during adolescence (Lenroot and Giedd 2006; Spear 2000) . These changes have been demonstrated with MRI. During adolescence, gray matter volume diminishes, and white matter volume and organization increase (Gogtay et al. 2004 ). These structural changes are believed to underlie advancing integration of PFC with other brain areas (Luna et al. 2004) . Immaturity of the cortical networks that control emotions, cognitions and behaviors may contribute to SUD risk. The quantification of individual variation in neurodevelopment through MRI techniques may be informative for prevention science.
Psychological dysregulation refers to deficiencies in cognitive, behavioral, and affective control Clark and Winters 2002) . Deficits in psychological regulation comprise a liability trait that is stable from late childhood through middle adolescence, is heritably transmitted from parent to child, and predicts SUD (Clark et al. 2004 Tarter et al. 2003; Vanyukov et al. 2009 ). Adolescents with SUD may have deficits in late developing brain circuits involved in psychological regulation. The measurement of structural or functional neurobiological characteristics through neuroimaging methods may thus identify prevention targets, supplement outcome indicators, or provide scientific insights for advancing prevention science.
Cross-Sectional Designs and Explanatory Models for SUD Risks and Effects
The case-control study is a classic and efficient approach to generating hypotheses that has been extensively used in MRI applications to adolescent SUD research. While study results have been inconsistent, there are arguably MRI findings indicating that adolescents with SUD compared to controls show delayed neurodevelopment or neurobiological deficits. Two alternative explanatory models need to be considered. The first possibility is that the brain characteristics evident among SUD adolescents predate and contribute to SUD, constituting a neurobiological risk factor (i.e., Neurodevelopmental Immaturity Model: Clark et al. 2012 ). Applying this model, one would propose that psychological dysregulation is caused by delays or deficits in neurodevelopment that precede and contribute to SUD. A confirmatory study would show that the MRI measured characteristic predicts later SUD. The second possibility is that the brain characteristics evident among SUD adolescents are caused by neurotoxic substance effects (i.e., Substance Effect Model). A confirmatory study would show that high risk individuals have results typical for reference individuals on the MRI measured brain characteristic of interest, with abnormalities evident only after SUD onset. Finally, both models may apply, as has been indicated in some studies with adults (e.g., Ersche et al. 2012) . These interpretative issues need to be considered in evaluating available MRI studies.
The challenges presented by MRI methods have necessitated the utilization of designs typical of preliminary research in other SUD prevention science areas. The cost of MRI data collection and processing for a single subject session can easily exceed $1000. MRI research may be inhibited by lack of hardware availability, scheduling difficulties that may result from the demands of mixed research and clinical use at a particular facility, and inadequate local expertise. The MRI literature on SUD prevention science includes few, if any, definitive studies.
Cerebral Macrostructure: Volumetric Methods and Applications
During adolescence, cortical gray matter volume declines while white matter volume increases (Lenroot and Giedd 2006) . Some studies have suggested that individual variations in these regional volumes contribute to SUD risk or are due to SUD effects, and these approaches continue to be utilized in SUD prevention science. However, the extent to which such regional cerebral volumes are informative for SUD prevention science has not been clearly determined.
Principles and Methods
Gray matter, white matter, and cerebrospinal fluid produce different MRI image intensities. Historically, volumetric analyses were conducted by visual inspection and manual tracing to determine the demarcations of cerebral tissue types and regions. This approach is labor intensive, requires extensive training, can produce variable ratings across raters and laboratories, and may be subject to rater bias. Manual tracing methods can be expensive and challenging to apply to large samples. In recent years, automated cortical parcellation methods have become available. For example, the Freesurfer programs (Desikan et al. 2006 ) automate motion correction, the averaging of multiple images, the identification of non-brain tissue, location of the gray/white/cerebrospinal fluid borders, registration of subjects to a common atlas using individual cortical folding patterns, and cerebral parcellation. Freesurfer measures have been validated against histological and manual measurements and have shown excellent reliability across scanner manufacturers and field strengths. Regions of interest identified by Freesurfer may also be used in DTI and fMRI analyses (e.g., Clark et al. 2012 ).
Adolescent Development
From late childhood to young adulthood, total cerebral volume is relatively unchanged (Lenroot and Giedd 2006) . While historically interpreted as indicating that the brain was fully developed by late childhood, major neurodevelopmental changes occur within this relatively stable volume. Cortical gray matter shows nonlinear and regionally-specific changes from ages 4 through 20, with a decline in gray matter volume during adolescence thought to be due to synaptic pruning (Blakemore and Choudhury 2006) . White matter volume undergoes a linear increase through adolescence reflecting increased axonal myelination and caliber (Paus 2010a) .
Risks for SUD
Since disruptive behavior disorders reflect psychological dysregulation and predict SUD, related research on regional brain volumes may be relevant. Castellanos et al. (2002) compared 152 ADHD youth (ages 5-18) with 139 controls on total cerebral volume as well as regional gray and white matter volumes. Only the cerebellum was significantly smaller in ADHD subjects. Subsequent studies with smaller samples have yielded inconsistent results (e.g., Batty et al. 2010; Huebner et al. 2008; Shaw et al. 2011) .
Adolescent SUD
There is some evidence that limbic system structures (e.g., hippocampus, amygdala) are smaller in adolescents with SUD compared to those of controls. In a study comparing 12 adolescents and young adults with adolescent-onset AUD to 24 control subjects (De Bellis et al. 2000) , hippocampal volumes were significantly smaller in the AUD subjects. Hippocampal volume correlated negatively with AUD duration and positively with AUD onset age. These findings were interpreted as consistent with the Substance Effect Model. Other investigators have also found smaller hippocampal volumes in AUD adolescents (Nagel et al. 2005 ) and alcohol using adolescents (Barros-Loscertales et al. 2006) . In adult samples, SUD has been associated with reduced white matter volume (e.g., Carlen et al. 1978) . Smaller white matter volumes have also been reported in samples of adolescents with SUD or substance use in some studies (DeBellis et al. 2005; Medina et al. 2007) and not in others ).
Summary and Conclusions
Mixed findings on cerebral volumes related to SUD risk and SUD preclude an unambiguous interpretation. Among children and adolescents at high risk for SUD, the few positive findings are accompanied by inconsistencies across studies. Comparing adolescents with SUD and controls, the regional patterns are also inconsistent. Smaller hippocampal volumes among SUD adolescents has been replicated, but inexplicably noted as occurring on only one side in some studies. These published studies have had significant flaws, and there is likely a bias toward the publication of positive results (Ioannidis 2011 ).
Cerebral Microstructure: Diffusion Tensor Imaging (DTI)
White matter consists of mylenated axons that transmit neuronal signals. Some white matter regions are comprised primarily of axons of neurons communicating between cortical regions. White matter organizational microstructure may be regionally quantified with DTI. White matter tracts projecting to the PFC increase in organization during adolescence, possibly indicating a neuobiological foundation for advancing psychological regulation. Studies of group differences in white matter organization have suggested that lower organization reflects deficits contributing to SUD risk or due to SUD effects. Compared to white matter volumes, white matter organization may be more sensitive in detecting developmental changes during adolescence, neurobiological characteristics relevant for risk, or SUD effects.
Principles and Methods
DTI estimates white matter organization by quantifying water diffusion (Basser and Pierpaoli 1996) . Axonal fibers constrain water movement along primary tract axes. DTI estimates directional water mobility. At each voxel, a threedimensional ellipsoid or "tensor" indicates diffusion rate and relative direction. The most commonly used diffusion index is fractional anisotropy (FA), a summary indicator calculated using axial diffusivity (AD; diffusion along the axon) and radial diffusivity (RD; diffusion perpendicular to the axon). This information may be used in tractography studies to map the anatomical relationships (de Schotten et al. 2011) . FA reflects axonal organization, myelination, and neuronal permeability (Paus 2010a) . Statistical analyses of DTI variables use voxel-based or region of interest (ROI) approaches. Voxel-based analyses examine the entire brain in a model-free manner. By identifying groups of contiguous voxels with similar between-group differences, voxelbased analyses may be used to identify regions where DTI variables differ between groups or correlate with behavioral variables. ROIs may be used to test hypotheses with increased specificity and sensitivity.
Adolescent Development
The white matter tracts projecting to PFC areas increase in their organization during adolescence (Ashtari et al. 2007; Spear 2000) . The PFC plays an important role in psychological regulation through its interaction with other brain regions via white matter tracts (Spear 2000) . The organization of white matter in the superior longitudinal fasciculus, for example, increases through adolescence (Bonekamp et al. 2007 ). Increasing white matter organization during adolescence corresponds with executive function development, and variation in frontal white matter organization may in part explain individual differences in psychological regulation (Lenroot and Giedd 2006) . Some studies suggest that the frontoparietal network may be particularly important in psychological regulation. The frontoparietal network involves the PFC and parietal cortex connected by the superior longitudinal fasciculus (SLF) (Fassbender et al. 2006; Olesen et al. 2003) . Since the SLF is a relatively large and directionally organized white matter tract, SLF is particularly amenable to examination with DTI. Immaturity of the cortical white matter generally or, more specifically, the white matter of the frontoparietal network, may contribute to psychological dysregulation and risk for SUD ).
Risk for SUD
Children and adolescents with psychopathology reflecting psychological dysregulation have been found in some studies to have white matter disorganization (Li et al. 2005) . In two studies comparing ADHD children with controls (age 7-11 years), children with ADHD had decreased FA in several regions (Ashtari et al. 2005; Nagel et al. 2011) . At risk adolescents, defined by a family history of AUD, have been shown to have frontoparietal network deficits. Utilizing a combination of DTI and fMRI methods to determine functional connectivity, at risk adolescents compared to controls were found to have less functional PFC-parietal connectivity (Wetherill et al. 2012) .
Adolescent SUD
Several studies have examined white matter organization in adolescents with substance involvement. Tapert and colleagues McQueeney et al. 2009 ) compared adolescents with problematic marijuana or alcohol use to controls on white matter organization. The substance using adolescents exhibited lower white matter organization in several brain regions, including the SLF. De Bellis et al. (2008) compared SUD adolescents with controls on corpus callosum white matter organization and found that the SUD group did not show significantly lower FA. Clark and colleagues compared SUD adolescents with controls on FA using voxel-based (Thatcher et al. 2010 ) and ROI approaches. Adolescents with SUD were found to show significantly lower FA in tracts serving the frontoparietal network. In addition, frontoparietal white matter organization was associated with psychological dysregulation . Among adolescents in SUD treatment, lower PFC white matter organization has been found to predict more alcohol problems after six months indicating poorer treatment outcomes .
Summary and Conclusions
Similar to research on cerebral volumes, research on white matter organization and SUD risk versus SUD-related effects remains inconclusive. These studies contain many negative results and, across studies, inconsistent findings for specific regions. In general, published studies suggest lower white matter microstructure organization among those at high risk for or with SUD. While one may accept this interpretation, these cross-sectional studies do not clearly support either the Neurodevelopmental Immaturity Model or the Substance Effect Model.
In addition to study design issues, technical challenges to interpreting DTI findings have been noted (Thomason and Thompson 2011) . While increased FA is typically interpreted as indicating healthier white matter, lower FA does not necessarily indicate white matter pathology (Hoeft et al. 2007) . In areas where tracts cross, for example, healthy white matter shows relatively lower organization by FA. Reduced fiber crossing may, in some instances, explain DTI findings indicating increases in apparent white matter organization associated with pathology, including neurological disease (Hoeft et al. 2007) or adolescent SUD (DeBellis et al. 2008 ).
Functional MRI (fMRI)
In functional MRI (fMRI), neuronal activation may be estimated and regionally quantified during engagement in tasks presented during neuroimaging. Regional activations and developmental changes in response depend on the presented task. Studies of group differences in task responses and related cerebral activation patterns have suggested developmental delays or deficits in neural systems that may contribute to SUD risk or be adversely altered by SUD.
Principals and Methods
These techniques indirectly estimate the location, timing and level of neural activity by measuring the hemodynamic or metabolic consequences of neuronal firing. In most fMRI studies, blood oxygenation dependent (BOLD) contrast is used to measure regional hemodynamic responses. BOLD estimates neuronal activity through measuring changes in the local ratio of oxygenated to deoxygenated hemoglobin (Ogawa et al. 1990 ). The BOLD response peaks roughly 5 seconds after neuronal activation and may persist for as much as 15 seconds. BOLD effects thus have better spatial than temporal resolution.
Cerebral Activation by fMRI and SUD Risk
Investigating risk and alcohol use, two fMRI studies by Heitzeg et al. (2008 Heitzeg et al. ( , 2010 focused on the frontolimbic network in groups of adolescents and young adults with parental AUD (pAUD+) having higher (i.e., "vulnerable") and lower (i.e., "resilient") alcohol use and control groups with no parental AUD (pAUD-). On a word valence task, the "vulnerable" group had greater PFC activation and lesser activation in the bilateral amygdala and ventral striatum than did the "resilient" and control groups. This result may reflect an impaired ability to manage negative affect. A second study used the "go/no-go" task, where subjects perform or inhibit pressing a button in response to visual stimuli, with successful responses showing the capacity for behavioral inhibition. On a go/no-go task, the "resilient" and control groups showed decreased orbital and left medial PFC activation during successful inhibition, but the "vulnerable" group did not. Tapert and colleagues (Norman et al. 2011) used the go/no go task with a young adolescent sample, less activation in frontal cortex and other cortical areas in response to the "no-go" behavior inhibition challenge was been found to predict accelerated alcohol use over a fouryear follow-up period. Contrasting these findings, whether increased or decreased activation of specific frontal areas facilitates the "no-go" response is unclear.
The anti-saccade task is a behavioral inhibition task that may be presented during fMRI. In this task, subjects inhibit a reflexive eye movement to a novel stimulus and instead look in the opposite direction. Regional activation during cognitive response preparation is thought to indicate neurobiological mechanisms for response inhibition. During adolescence, correct anti-saccade performance improves and related PFC activation increases (Luna et al. 2004) .
In a study comparing children (ages 10-12 years) of fathers with SUD and control children (Habeych et al. 2006) , high risk children made more anti-saccade task errors than did control children. In addition, high risk children with ADHD, compared to high risk children without ADHD, showed more errors. Using the anti-saccade task with fMRI, McNamee et al. (2008) examined high risk and control adolescents (age 12-19 years). During anti-saccade trials, lower PFC activity was correlated with higher psychological dysregulation scores by an independent measure. Delayed development or deficiencies in neural systems serving response inhibition may be the neurobiological foundation for diminished capabilities in voluntary behavioral control and related SUD risk.
To complement behavioral tasks, affective regulation can be examined by presenting affect laden faces during fMRI (Hariri et al. 2000) . Adolescents at risk for SUD by parental history, compared to reference adolescents, have been shown to exhibit greater amygdale activation in response to seeing affect-laden faces, indicating frontolimbic network hyper-responsivity to emotional stimuli (Thatcher et al., Amygdala activation and emotional processing in adolescents at risk for substance use disorders, unpublished). Adolescent SUD Chung et al. (2011) used the anti-saccade reward task to examine behavioral inhibition and cerebral activation in adolescents with SUD and controls (ages 15-18). An added reward condition facilitated correct anti-saccade responding among SUD adolescents, while control subjects did not significantly differ on anti-saccade error rates during reward or neutral trials. During anti-saccade reward trials, SUD adolescents, compared to controls, showed greater PFC activity. These results indicated that, particularly among SUD adolescents, reward anticipation enhanced motivation and related cerebral activity supporting anti-saccade performance.
In a study presenting affect laden faces with fMRI to young adults with cannabis dependence and depression, higher cannabis use was associated with lower amygdale response (Cornelius et al. 2010) . This reduction in neurobiological reactivity to affective stimuli suggested a possible cannabis use motive among those with affective dysregulation.
Summary and Conclusions
These fMRI studies emphasize some of the complexities involved in studying cerebral activation in response to a variety of stimuli, and relating individual variation in these changes to risk for SUD or SUD effects. The fMRI measurement directly examines hemodynamic changes and indirectly reflects neural activity. Observed hemodynamic changes may be similar in a variety of neural activation scenarios, including functionally specific activation or global neuromodulation. Hemodynamic changes may be similar during activation of excitatory or inhibitory neural systems (Logothetis 2008) . Thus, interpreting fMRI signals as functionally specific neural activation may be misleading.
Multi-Modal Neuroimaging Methods
An active area of neuroimaging research involves the integration of complementary MRI, electrophysiological and other neurobiological methods. For example, the combined use of DTI and fMRI to examine correlations between white matter organization and functional cortical activity has been valuable in identifying and understanding neural systems (Olesen et al. 2003) . In addition, to compensate for fMRI's high spatial but relatively poor temporal resolution, some studies utilize concurrent non-invasive measures that have higher temporal resolution, such as electroencephalography (EEG) or magnetoencephalography (MEG). Magnetic resonance spectroscopy (MRS) can quantify regional cerebral neurochemical characteristics that may be associated with adolescent SUD risk (Moss et al. 1997; Yang et al. 2010 ).
Imaging Genetics
MRI may be utilized to elucidate the influence of genetic variations on brain functioning, an approach termed "imaging genetics" (Viding et al. 2006) . For example, consider the relation between serotonin transporter genotypes and cerebral activation in response to faces depicting affective states (Hariri and Holmes 2006) . The serotonin transporter linked promoter region gene (5-HTTLPR) alleles have short (s) and long (l) variants. The s allele variant has been shown to be associated with less serotonin transporter expression, reduced serotonin uptake efficiency, and diminished serotonin 1A receptor binding potential compared to the l variant (David et al. 2005) . The s 5-HTTLPR genotype has been found to confer increased risk for negative affect and impulsive behavior in response to traumatic experiences (Caspi et al. 2003; Kaufmann et al. 2004) . Those homozygous (l/l) for the long 5-HTTLPR allele have shown greater emotional resilience (Stein et al. 2009 ). The 5-HTTLPR polymorphism has been shown to be associated with substance use characteristics, drug response in laboratory settings, and SUD (Brody et al. 2009; Covault et al. 2007; Enoch et al. 2010; Feinn et al. 2005; Lott et al. 2006) . In a family-centered intervention study, Brody et al. (2009) found adolescents with the s allele in the control group, compared to other groups, showed an increase in substance use and other high risk behaviors.
The examination of task related cerebral activation in relationship to genotypic variations may provide information on the neurobiological mechanism for the risk associated with the s allele and the reported differential intervention effects. Adults (Hariri et al. 2005 ) and children (Fortier et al. 2010) with the s allele have shown amygdalar hyperreactivity when shown affect-laden faces. This amygdalar hyperreactivity in individuals with the s allele variants has been found to be maintained over successive stimulus presentations whereas individuals with the l/l variant showed response habituation (Lonsdorf et al. 2011) . Lower functional coupling in the frontolimbic circuit has been observed in s 5-HTTLPR variant carriers compared to those with the l/l variant (Pezawas et al. 2005) . Findings on relationships among 5-HTTLPR genotype, affect regulation, neural activation patterns, and intervention responses suggest research designs that would advance an understanding of neurobiological factors in SUD prevention.
Challenges and Recommendations for Further Research
The MRI research conducted to date that is relevant for adolescent SUD prevention science has been informative but not conclusive. While promising findings are emerging, the small cross-sectional studies available to date have been inconsistent in their findings and ambiguous with regard to causal relationships. Studies that have examined cerebral structure or function relative to known SUD risks have yet to definitively establish relationships. The effects of adolescent substance use on structural or functional brain characteristics have also not been definitively demonstrated. We therefore must conclude that research on neuroimaging as applied to adolescent SUD prevention science is at an early stage.
The design limitations and inconclusive findings evident in the extant research literature underscore the challenges inherent in applying MRI to adolescent SUD prevention science. MRI hardware availability is a necessary but not sufficient condition for conducting research in this arena. The integration of scholars with specific expertise and experience in neuroimaging into the research team is necessary so that the strengths and weaknesses of particular neuroimaging methods can be taken into consideration in study design. Limitations in MRI facility access, the high cost of scan time, the need for staff expertise in data collection, and the complexities involved in MRI data processing and analyses tend to limit sample sizes. Prevention scientists accustomed to very large samples may find these constraints difficult to accept. A related issue is that statistical approaches applicable to large, longitudinal data sets are often not applicable to MRI data. Neuroimaging methods also pose challenges for subject recruitment. Subjects with irremovable metal objects, such as dental braces, need to be excluded. The MRI apparatus typically requires the subject to tolerate lying in a small space, which is difficult for some subjects. Subjects with ADHD or restlessness for other reasons may find it difficult to remain still during prolonged scanning sessions, resulting in a high degree of head motion that can reduce the signal-to-noise ratio in imaging analyses (Epstein et al. 2007 ). Attention to subject activities immediately prior to and during participation may assume enhanced importance for fMRI, since the BOLD response can be influenced by recent substance use and variations in attention during task performance.
A bias toward the publication of positive findings may be a substantial problem in the MRI literature. A recent metaanalysis examining reports of brain volume abnormalities associated with a variety of mental disorders concluded that biases toward publication of positive results were evident (Ioannidis 2011) . Many negative findings go unreported.
Longitudinal MRI studies with larger samples would likely advance SUD prevention science. The largest longitudinally studied sample to date (Shaw et al. 2011 ) was collected by the NIMH Intramural program. An on-going large-scale on-going longitudinal study is the IMAGEN study, which aims to recruit 2,000 14-year olds across multiple sites in Europe (Schumann et al. 2010) . Functional and structural neuroimaging and genetic analyses will be completed in IMAGEN, with replication planned in 1,000 youth in the Canadian Saguenay Youth Study (Paus 2010b ). The IMAGEN sample will be followed at age 16 to examine the predictive value of genetics and MRI endophenotypes for development of common psychiatric conditions, including SUD (Schumann et al. 2010 ). To supplement large scale studies, carefully designed smaller studies may be needed to more flexibly accommodate changes in technology and explore emerging technologies, as well as provide data relevant to specific subgroups, specific aspects of psychological regulation, and environmental conditions (Paus 2010b) .
In imaging studies conducted over many years, creative solutions are needed for research design problems and imaging protocols that become obsolete with rapidly advancing MRI methods. Substantial resources are needed to conduct such ambitious studies, and replication is critically important in this research area. Replications may need to match risk factors studied, control group characteristics, subject ages, gender composition, task selection and parameters, and variations in participant substance involvement.
Implications for Interventions
Prevention science applications of MRI techniques will likely facilitate insights into the importance of variation in adolescent brain development for SUD risk and identify potential targets for intervention. The Neurodevelopmental Immaturity Model suggests that the examination of cerebral structures and functions that develop during adolescence using neuroimaging techniques may provide a foundation for understanding the neurobiological mechanisms for SUD risks, the interaction of neurodevelopmental vulnerabilities and preventive interventions, and the neurobiological effects of prevention programs.
Neurobiological strengths or weaknesses predictive of adolescent SUD outcomes may suggest tailored preventive interventions. Interventions have been found to improve social and emotional competence in elementary school youth, with prevention effects on behavioral outcomes partially mediated by skills in inhibitory control (Diamond and Lee 2011; Riggs et al. 2006; Riggs and Greenberg 2009) . The rationale for this approach may be supported by MRI findings. Furthermore, preventive interventions may have differential effects that vary with MRI measured neuromaturational deficits. For example, poorer neurocognitive skills and conduct disorder predicted less improvement in social competency skills in response to a prevention curriculum in young urban males (Fishbein et al. 2006) . Future MRI research may indicate deficits or delays in cerebral maturation or functions that supplement phenotypic characteristics to predict responses to preventive interventions. Such findings could lead to the use of MRI methods to identify adolescents who require more intensive or qualitatively distinct preventive approaches.
Studies of the neurobiological effects of preventive interventions can be conducted with available methods. Psychosocial interventions have been demonstrated to change brain function with fMRI (Davidson and Lutz 2011; Linden 2006 ), including cognitive behavior therapy for SUD (DeVito et al. 2012) . Furthermore, preventive interventions may be devised to directly target neurobiological characteristics. Intensive training in psychomotor tasks (Bengttson et al. 2005; Draganski et al. 2004; Scholz et al. 2009 ) has been demonstrated to induce regionally specific increases in gray matter volume and white matter organization. Structural brain changes have also been shown to be induced by cognitive training (Draganski et al. 2006; Krafnick et al. 2011) . Realtime fMRI neurofeedback has been examined as an intervention intended to train participants to directly control brain activation in areas involved in psychological dysregulation, specifically involving affective regulation and the frontolimbic network (Johnston et al. 2010) .
The implications of the Substance Effects Model may also be relevant for SUD prevention science. To the extent that adolescent substance use adversely effects brain development, effective preventive interventions that delay or reduce adolescent substance use become more vital. Definitive studies on substance effects may also provide information that could be useful for prevention messages. The importance of effective SUD treatment would be reinforced by documentation of abstinence leading to recovery of normal brain function or structure. Results with MRI studies (e.g., Chung et al., 2012) may suggest neurobiological mechanisms for contingency management interventions to facilitate substance abstinence in adolescents (e.g., Stanger et al. 2009 ). The observation that cannabis use reduces frontolimbic reactivity to emotional stimuli (Cornelius et al. 2010) suggests that an alternative approach, such as the use of antidepressant medications, may have specific benefits in individuals with fMRI amydalar hyper-responsivity (Thatcher et al., Amygdala activation and emotional processing in adolescents at risk for substance use disorders, unpublished).
Conclusions
The promise of neuroimaging applications for SUD prevention science assumes that individual risk characteristics have a neurodevelopmental basis. While the value of neuroimaging methods for SUD prevention science has yet to be definitively demonstrated, neuroimaging methods are rapidly improving and advances in these methods applied to adolescent SUD prevention science may yield important insights. The integrative study of multimodal neuroimaging endophenotypes, genotypes, and behavioral phenotypes is particularly promising. Neuroimaging findings may soon have direct implications for individually tailoring adolescent SUD preventive interventions. In the forseeable future, the effects of preventive interventions may be substantiated by positive neurodevelopmental outcomes indicated by MRI measured structural and functional cerebral characteristics.
